Abstract--While soils formed in tephra are typically dominated by poorly crystalline clay minerals, the occurrence of smectite in E horizons of podzolized soils (Spodosols) has been well-documented. We have observed a well-crystallized smectite mineral dominating the clay fraction of E horizons in tephra-derived soils of northern Idaho. This study was initiated to examine properties and distribution of this mineral along a developmental sequence of high-elevation, forested Spodosols formed in 6800-yr-old Mazama tephra. Three soils exhibiting strong, moderate, and weak E horizon development were sampled along an elevational and climatic gradient. The smectite mineral was identified as beidellite based on expansion and layer charge characteristics. Heated, Li-saturated samples from the most strongly developed E horizon exhibited relatively complete expansion to 1.8 nm with glycerol solvation and mean layer charge was calculated to be 0.44 mole/formula unit using sorption characteristics of alkylammonium ions. Apparent crystallinity and relative abundance of the beidellite in clay fractions decrease with decreasing E horizon development. The more poorly crystalline beidellite is associated with a non-expansive 1.4-nm mineral with considerable Al-hydroxy interlayering. Beidellite was not detected in underlying glacial drift or in a thin layer of 200-yr-old ash that mantles these soils, suggesting it is not inherited from these materials. Rather, our results indicate that beidellite forms in these soils in an environment characterized by low pH and a large flux of organic metal-complexing agents.
INTRODUCTION
The occurrence of smectite in E horizons of podzolized soils has been reported under a variety of pedologic settings. Ross and Mortland (1966) identified beidellite--an Al-rich dioctahedral smectite--in an E horizon of a Spodosol of northern Michigan and suggested that it had formed via weathering of2:1 minerals present in the parent material. Douglas (1982) reported beidellite in highly acidic soils (Ultisols) of New Jersey and attributed its formation to a soil environment that discourages the formation of A1 polymers--i.e., low pH or the presence of organic Al-complexing compounds. Smectite has also been identified as a major clay component of soils formed in Holocene tephra in the Pacific Northwest region. Chichester et al (1969) found clay-size fractions of soils formed on Mazama pumice in Oregon to be dominated by amorphous components, but reported beidellite as a constituent of crystalline clay fractions. Similarly, Dudas and Harward (1975) identified beidellite as a major component of the crystalline coarse clay fractions of soils derived from Mazama ash.
In higher-elevation, forested soils of the Pacific Northwest region, Spodosols having an albic (E)-spodic (Bs or Bhs) horizon sequence have formed in Holocene tephras. The E horizons of these soils typically contain significant quantities of smectite in sharp conCopyright 9 1995, The Clay Minerals Society trast to the predominantly amorphous clays in underlying horizons (Smith et al 1968 , Hunter 1988 , Ugolini et al 1991 , Dahlgren et al 1993 , McDaniel et al 1993 . To date, however, no futher identification of this smecrite mineral has been reported in the literature.
Several mechanisms have been proposed to explain the occurrence of smectite in E horizons of podzolized soils. Smectite can be inherited, formed authigenically through solid-state weathering reactions, and/or neoformed from soil solution. Smectite can simply be inherited from the parent ash (Pevear et al 1982) or associated pyroclastic lithic fragments that may accompany a volcanic explosion (Dudas and Harward 1975) . Addition of smectite to Spodosols as eolian dust has also been proposed (Coen and Amold 1972) . Formation of smectite may occur through weathering of detrital grains of other substrates that become mixed with the ash after deposition. Dudas and Harward (1975) suggested that beidellite in the lower profile of an ash soil in south-central Oregon formed from biotite that was not present in the parent ash. Ugolini et al (1991) explained the presence of smectite in the E horizon of a Spodosol from the Cascade Range in Washington both as a detrital mineral and a weathering product of primary chlorite inherited from the underlying substrate. They further proposed that percolating organic acids strip the Al-hydroxy interlayer, thereby transforming a hydroxy-interlayered mineral into a "clean" smectite. Alternatively, Fanning and Fanning (1989) have suggested a mechanism that prevents conversion of smectite to a hydroxy-interlayered mineral. A1 § released via weathering in the E horizon is preferentially chelated by soluble organic acids and moved to deeper horizons, thereby preventing formation of hydroxy-Al interlayers in the expansible 2:1 minerals. Regardless of mechanism, thermodynamic data indicate that smectite stability is favored during the summer season in E horizons of tephra-derived Spodosols from the Cascade Range in Washington (Zabowski and Ugolini 1992) . This seasonal stability suggests that the smectite in these soils could be of pedogenic origin (Zabowski and Ugolini 1992) .
Evidence also suggests that 2:1 layer silicates may form directly from the transformation of volcanic glass. Tazaki et al (1989) observed regions of crystallites and 1.4-nm primitive clays in volcanic glass using highresolution transmission electron microscopy (HRTEM). Kowano and Tomita (1992) altered volcanic glass experimentally and reported formation ofbeidellite. Their results suggest that naturally occurring smectites in ashderived soils may form from glass via a non-crystalline transitional phase. Dahlgren et al (1993) have reported that conditions for smectite neoformation in ash-derived Spodosols are favorable. Unfortunately, it is often difficult or impossible to establish provenance in most field settings and this makes it difficult to conclusively demonstrate smectite neoformation in soils (Borchardt 1989) .
In ash-derived soils of northern Idaho, we have observed that the presence of E horizons is only associated with certain vegetation/climatic zones (McDaniel et al 1994) , Furthermore, the E horizons are more weakly expressed toward the lower elevational limits of these bioclimatic zones as the Spodosols grade into Andisols. We have also found that the clay mineralogy of the well-expressed E horizons is dominated by smectite rather than by poorly crystalline minerals. Therefore, the objective of this study was to identify and characterize the smectites present in a developmental sequence of E horizons from tephra-derived Spodosols.
MATERIALS AND METHODS

Environmental setting
Soils selected for use in this study are in the Selkirk Mountains of northern Idaho (Figure 1 ). Much of this glaciated region is mantled with tephra originating from the cataclysmic eruption ofMt. Mazama ~6700--6800 years ago (Fryxell 1965 , Bacon 1983 ). Mazama tephra is dacitic and is composed of glass, plagioclase, hypersthene, hornblende, auglte, and fluorite (Sama-Wojcicki et al 1983) . The 1800 AD eruption of Mount St. Helens added an additional 1-3 cm of ash (Layer T) to many soils of the area (Smith et al 1968 , Mullineaux 1986 .
Within the subalpine fir [Abies lasiocarpa (Hook.) . Based on these weather records, plant community composition, and limited field data, the mean annual precipitation is estimated to be ~ 1500 mm at Site 112 where the strongly podzolized soils occur. The precipitation falls primarily during the fall, winter, and spring, while summers are generally warm and dry (McDaniel et al 1994) .
FieM methods
We selected three sites within the subalpine fir zone that collectively encompass the range in E horizon development and expression that is seen throughout the area. At each site, soil pits were dug by hand and genetic horizons were sampled and described using standard horizon designations and descriptions (Soil Conservation Service 1984 , Soil Survey Staff 1992 .
Laboratory methods
Samples were air dried and crushed in a mortar with a rubber-tipped pestle to pass a 2-mm sieve. Chemical analyses were performed using the following methods: organic carbon by rapid dichromate oxidation (Nelson and Sommers 1982) , exchangeable cations by ammonium acetate (pH 7) extraction and exchangeable acidity by KC1 extraction (Thomas 1982) . Selective dissolution procedures were employed to help partition Fe, A1, and Si into various secondary fractions. Ex- tractants were Na-pyrophosphate (pH 10) and acidammonium oxalate (pH 3.0) (Soil Conservaton Service 1972). All samples were extracted in duplicate and analyzed for Fe, A1, and Si using inductively coupled plasma (ICP) emission spectroscopy. Particle-size distribution was performed using sieving and centrifugation procedures: samples were treated with H202 to destroy organic aggregating agents and dispersed using Na-hexametaphosphate and sonification (Gee and Bauder 1986) . Clay (<2 #m) and fine clay (<0.2 #m) fractions were analyzed using standard x-ray diffraction (XRD) techniques (Jackson 1975, Whittig and Allardice 1986) . To intensify basal diffraction peaks of phyllosilicate minerals, clays were treated with citrate-dithionite to selectively remove secondary Fe compounds. Glycerol solvation of Mgsaturated samples was done using the liquid method of Jackson (1975) . Samples were analyzed on a Siemens D5000 diffractometer using Cu-Ka radiation and a continuous scan rate of 0.067 ~ per second at 40 kV and 30 mA. A modified Greene-Kelly test was used to differentiate montmorillonite from beidellite (Lim and Jackson 1986) and layer charges of fine clay fractions were determined by the alkylammonium ion exchange method of Lagaly and Weiss (1969) . Selected clays were examined using scanning force microscopy (SFM). Mgsaturated clay suspensions were dispersed and air dried on a 0.22-~zm membrane filter. Specimens were then examined using a Digital Instruments NANOSCOPE II with a 50-urn-long silicon nitride cantilever operating under conventional force conditions. At least three different cantilever tips were used on each specimen to minimize the potential of experimental artifacts induced by differences in tip geometry. Multiple areas of each specimen were analyzed to obtain representative images of the clay surfaces.
RESULTS AND DISCUSSION
Physical chemical, and morphological characteristics
Development of the Spodosol E horizons is reflected by systematic changes in physical, chemical, and morphological properties along the elevational gradient (Table 1) . With increasing elevation, the E horizons become thicker and lighter in color. Particle-size data indicate an increase in clay content with increasing elevation, suggesting that clay formation has accompanied E horizon development. The E horizon at Site 112 is the most strongly acid and has the largest quantity of KCl-extractable A1. We attribute the expression of these properties at Site 112 to increasing precipitation and an accompanying increase in intensity of podzolization processes.
Podzolization has resulted in the movement of significant quantities of secondary Fe and A1 from E horizons into underlying B horizons ( Table 2 ). The quantities ofpyrophosphate-and oxalate-extractable Fe and A1 in the E horizons are relatively small and there is little difference between the three sites. However, there is considerable difference in the quantities of these metals that have accumulated in underlying horizons. Larger quantities ofpyrophosphate-extractable Fe and A1 in the Bhs horizon of Site 112 suggest that accumulation of metal-organic chelates has been greater than at Sites 111 and 110. Similarly, larger quantities of oxalate-extractable Fe and A1 indicate that eluviation/illuviation processes have been more active at Site 112. Thus, the intensity of podzolization appears to decrease with decreasing elevation--E horizons become more weakly expressed along the accompanying vegetation and precipitation gradient.
X-ray diffraction
XRD patterns of the E horizon clay (< 2 ~m) fractions illustrate the apparent change in smectite crystallinity along the developmental sequence. Evidence for a well-crystallized smectite in the E horizon total clay fraction at Site 112 includes the sharp 1.8-nm reflection with Mg saturation, glycerol solvation (Fig- Degrees 20 Figure 2 . Diffraction patterns of Mg-saturated, glycerol-solvated clay fractions from Spodosol E horizons.
ure 2). The lack of a distinguishable 1.4-nm reflection indicates that vermiculite and chlorite are absent in the E horizon. A 1.8-nm basal reflection also dominates the XRD pattern of E horizon clay fraction from Site 111. This peak is less symmetrical on the high-angle side than observed for Site 112 and may indicate some hydroxy-interlayering of the smectite mineral. An asymmetrical 1.4-nm reflection indicates the presence of a second, non-expansive mineral phase. A shoulder on the low-angle side of this reflection suggests this second phase may be a hydroxy-interlayered vermiculite (HIV). The clay fraction from the E horizon at Site 110, the lowest elevation site, appears to have comparatively smaller quantities of smectite. The 1.8-rim reflection is less intense and has a considerably smaller height-to-width ratio than those observed for Sites 112 and 111. The clay fraction at this site is dominated by a non-expansive mineral with a 1.4-nm basal spacing. Considerable difference can be seen in the XRD patterns of K-saturated fine clay (<0.2 #m) fractions from Borchardt (1989) . As the fine clay fraction from Site 112 is heated, collapse of the d-spacing to approximately 1.0 nm does not occur until the 500"C treatment. In contrast, K-saturation of the Site 111 fine clay fraction produces a very broad reflection that most likely represents a mixture of smectite and vermiculite, with each possibly containing some hydroxy interlayering (Barnhisel and Bertsch 1989) . The collapse of this broad reflection to approximately 1.0 nm occurs at lower temperature than observed with Site 112 and may suggest the presence of a less stable smectite mineral phase at Site 111. To determine whether smectites are dioctahedral or trioctahedral, we looked at d(060) spacings of randomly oriented samples. Clay fractions from all three sites exhibited reflections centered at approximately 0.1498 rim, indicating the presence of a dioctahedral component (Brown and Brindley 1980) . Smaller peaks corresponding to a spacing of 0.1543 nm were also seen. These peaks may be attributable to the d(211) spacing of quartz and/or the d(060) spacing oftrioctahedral 2:1 layer silicates. Because all three clay fractions appear to contain some quartz, we conclude that the trioctahedral component is very minor or absent relative to the dioctahedral component. Accordingly, the smectite mineral(s) is classified as either beidellite or mont- Results of a modified Greene-Kelly test (Lim and Jackson 1986) indicate that the smectite minerals from Sites 112 and 111 are able to re-expand following Lisaturation, heating, and glycerol vapor solvation (Figure 4) . The clay fraction from Site 112 shows fairly complete re-expansion of the d-spacing to approximately 1.8 nm. This indicates that much of the interlayer charge originates in the tetrahedral sheets, thereby inhibiting migration ofLi + into vacant octahedral sites and subsequent irreversible collapse of the d-spacing (Greene-Kelly 1953). With Site 111, only limited reexpansion to 1.8 nm is seen and very little or no reexpansion of the clay fraction from Site 110 is evident. This may be due to the smaller quantity of beideUite in this clay fraction and/or higher interlayer charge of the smectite mineral. Lim and Jackson (1986) found that a Li-beideUite used in their study did not completely re-expand to 1.7 nm with glycerol solvation after 16 h of heating to 250~ They attributed this to an unusually high charge. We were able to obtain ad- ditional expansion of the clay from Site 111 with heating at 2500C for 50 h, suggesting that the beidellite may have a high charge. The mineralogy of a well-preserved layer of Mount St. Helens ash (Layer T) from Site 111 was also examined. We were unable to detect the presence of a crystalline, expansive 2:1 smectite mineral in the clay or fine silt fractions, indicating that this more recent ash is not the source of the beidellite found in the E horizons.
Layer charge determination
Based on interpretation of XRD data, we concluded that the fine clay fraction of Site 112 contains the purest beidellite phase observed in these ash-derived E horizons and therefore used this fraction for layer charge determination. The layer charge distribution demonstrates minimal heterogeneity, as indicated by the distinct monolayer (1.36 nm)/bilayer (1.76 nm) transition at chain lengths (no) of 6 to 8 ( Figure 5 ). This represents an interlayer cation density ranging from 0.39 to 0.49 molc/(Si,Al)4Olo, with a mean of 0.44 (Lagaly 1981) . Similar layer charge values for beideUite have been reported by Lagaly and Weiss (1969) and Ross and Mortland (1966) .
Scanning force microscopy (SFM)
Atomic resolution with the scanning force microscope has previously been demonstrated for smectite minerals, but imaging was restricted to the (001) plane (Hartmann et al 1991) . In this study, we were able to obtain SFM images parallel to the [001] axis of the E horizon clay fraction from Site 112. This view shows the atomic planes and hydrated interlayer of the Mgsaturated beidellite (Figure 6 ). The light intensity of the image shown in Fig. 6a indicates the relative height In a three-dimensional line projection of the same image, O/OH atoms of a single sheet appear as corrugated rows (Figure 6b ). Each set of 4 corrugated rows corresponds to (from top to bottom): a row of basal O atoms, two rows ofoctahedral OH groups, and a second row of basal O atoms. The hydrated interlayer appears as smooth lines separating the sets of corrugated rows. A d-spacing of 1.4 nm was measured using this SFM projection and is consistent with the d-spacing determined with XRD. Thus, while SFM imaging under air requires forces of > 10 nN, artifacts induced by such forces do not appear to severely distort the imaged regions of the beidellite structure.
Origin of beidellite
Although expansive 2:1 minerals have been reported in E horizons oftephra-derived Spodosols in the Pacific Northwest, these minerals have not previously been identified as beidellite. Beidellite was reported in clay fractions of non-podzolized soils formed in Mazama tephra, but only in samples that were treated with boiling KOH and acid a m m o n i u m oxalate prior to X R D analysis (Chichester et al 1969) . Because hydroxy-interlayered 2:1 clays were the dominant layer silicates in these clay fractions, this treatment undoubtedly resuited in at least some removal of hydroxy interlayers (Barnhisel and Bertsch 1989) . This complicates interpretation of these data because treated clay minerals tend to exhibit physicochemical properties of either smectite or vermiculite when hydroxy interlayers are removed (Barnhisel and Bertsch 1989) . As a result, the beidellite reported in this previous study may simply be an artifact of the mineralogical treatments used.
Our data suggest a pedogenic origin of the beidellite in the E horizons of these soils based on several lines of evidence. First, the relative abundance and crystallinity of the beidellite increases with increased development and expression of the E horizons. This implies that beidellite is a stable, actively forming component of these horizons. Secondly, beidellite is not present in underlying horizons of these soils (McDaniel et al 1993) , indicating that it is forming via pedogenic weathering of the volcanic ash rather than being inherited from parent material. If the beidellite was simply inherited from the Mazama ash or associated substrates, we would expect it to be most abundant in the less altered horizons and also present in horizons other than the E. Our work demonstrates that this is not the case. We cannot conclusively rule out the possibility that additions of smectite as eolian dust have influenced the mineralogy of these soils. However, smectite is not found in the surface horizons of other soils of the area without E horizons (McDaniel et al 1993) and, presumably, evidence for addition of smectite as eolian dust should exist in those soils as well.
Without further study, it is impossible to determine if the beidellite in these soils is neoformed or if it is forming from the weathering of volcanic glass or detrital 2:1 minerals such as mica and chlorite. Both mica and chlorite are present in the granitic substrates of the area and can be found mixed with the ash mantle in relatively small quantities. Regardless of mechanism, it appears that E horizons of these soils provide a unique environment that is quite different from that of underlying illuvial horizons. The E horizons are very strongly acid and contain relatively high levels of exchangeable A1 +3. Strong morphological evidence of eluviation in these horizons reflects the removal of substantial quantities of A1 and Fe, at least partially through chelation. The combination of these conditions appears to favor the formation and stability of beidellite.
